Abstract: To perform distributed strain and temperature measurement, we have recently developed simplified Brillouin optical correlation-domain reflectometry (S-BOCDR), in which the light that is Fresnel reflected at the ends of the fiber under test (FUT) is used as a reference light. Here, we implement S-BOCDR using a polymer optical fiber (POF) as an FUT, which provides the following advantages over S-BOCDR using a standard silica single-mode fiber (SMF): 1) The beat signal of the Stokes light and the Fresnel-reflected light that is obtained at the interface between the POF and the SMF (the pigtail of an optical circulator) can be stabilized, and 2) the effect of the zeroth correlation peak can be easily and effectively suppressed by exploiting a so-called Brillouin frequency shift-hopping phenomenon. We then experimentally demonstrate a distributed measurement and detect a 0.46-m-long heated POF section.
Introduction
Brillouin scattering in optical fibers has attracted considerable attention [1] and has been applied to a variety of research fields, such as lasing [1] , microwave signal processing [2] , optical memory [3] , phase conjugation [4] , and slow light generation [5] . Strain and temperature sensing [6] - [10] is one of the most promising applications because of its ability to measure the strain and temperature distributions along an optical fiber. To date, several distributed sensing techniques have been developed, such as Brillouin optical time-domain analysis and reflectometry (BOTDA/R) [6] , [7] , [11] - [13] , Brillouin optical frequency-domain analysis (BOFDA) [8] , [14] , [15] , and Brillouin optical correlation-domain analysis and reflectometry (BOCDA/R) [9] , [10] , [16] - [20] . Each technique has its own unique advantages; here, we focus on BOCDR [10] , [19] , [20] , which is the only technique that can simultaneously provide substantial one-end accessibility, high spatial resolution, high sampling rate, and cost efficiency.
Recently, we have developed two schemes of simplified (S-) BOCDR [21] , [22] , both of which use the light Fresnel-reflected at one end of the fiber under test (FUT) as reference light and do not include an additional reference path used in the standard configuration. The first configuration (S-BOCDR-1) [21] uses the light Fresnel-reflected at the distal end of the FUT (i.e., open end), whereas the second configuration (S-BOCDR-2) [22] uses the light Fresnel-reflected at the proximal end of the FUT, which is a partial reflection point artificially produced near an optical circulator. One major drawback of S-BOCDR is that the measurement range is limited to one-half of the FUT lengthVthe proximal half (distal to the open end) in S-BOCDR-1, and the distal half (proximal to the open end) in S-BOCDR-2. Although S-BOCDR-1 can be implemented more easily, S-BOCDR-2 is more advantageous from the perspective of end users because measurement of the distal half of the FUT length is more convenient for practical applications and because, even when the FUT has a breakage point, the measurement can be continued at least up to that point. However, two problems remain in implementing S-BOCDR-2; these are 1) the unstable power of the Stokes light that propagates through the partial reflection point (such as an air gap; extensive disturbance makes a distributed measurement difficult) and 2) the need for preparation of optical fibers with sufficiently different Brillouin frequency shift (BFS) values, which are inserted around the partial reflection point to suppress the influence of the 0th correlation peak.
In the meantime, distributed strain and temperature measurement based on Brillouin scattering in polymer optical fibers (POFs) has become an active area of research [23] - [28] . Owing to their unique features including high flexibility, POFs have potential applications in highly sensitive temperature sensing [24] , cryogenic sensing [25] , large-strain sensing [26] , and sensing with a "memory" function [28] . Researchers have recently demonstrated (quasi-) distributed Brillouin sensing using POFs based on BOFDA [27] and BOCDR [28] .
In this paper, we implement S-BOCDR-2 using a POF and show that the aforementioned two problems are mitigated. As for problem 1) mentioned above, the Stokes light can be stably returned from the POF through the interface between the POF and the silica single-mode fiber (SMF); this structure is simpler and more robust than that previously reported [22] . As for problem (2) , the BFS in the POF can be irreversibly upshifted by $300 MHz only by applying large strain (named BFS hopping [29] ). A distributed measurement is experimentally demonstrated, in which a 0.46-m-long heated POF section is successfully detected.
Principle
Brillouin scattering occurs as a result of an interaction between propagating light (or photons) and acoustic phonons in an optical fiber. This interaction generates Stokes light propagating in the direction opposite to that of the incident light. The central frequency of the Stokes light spectrum (termed as the Brillouin gain spectrum (BGS)) is lower than that of the incident light. The amount of this frequency shift is referred to as BFS, which is, at 1.55 m, typically $10.8 GHz for silica SMFs [1] and $2.8 GHz for perfluorinated graded-index (PFGI) POFs [23] . If a strain or temperature change is applied to the fiber, the BFS shifts towards a higher or lower frequency according to the fiber core material, which is the fundamental operating principle of fiber-optic Brillouin strain/temperature sensors. The strain-and temperature-dependence coefficients of the BFS in PFGI-POFs at 1.55 m have been reported to be À121.8 MHz/% [24] (in the strain range below 1%) and À3.2 MHz/K [25] (in the temperature range below 85 C), which are À0.25 and À3.2 times those in silica SMFs [30] , [31] , respectively. This indicates that Brillouin scattering in PFGI-POFs has a great potential for highly sensitive temperature sensing with reduced strain sensitivity. Unique nonlinear BFS dependence at larger strain [24] and higher temperature [25] has been observed, which can be exploited to perform large-strain sensing and more sensitive temperature sensing, respectively. Another unique phenomenon is BFS hopping [29] , in which the BFS in the PFGI-POF abruptly changes from $2.8 GHz to $3.1 GHz under a large strain of > 7.3%.
In a standard BOCDR setup [10] , [20] , the beat signal of the Stokes light and the reference light is detected as a BGS. By sinusoidal modulation of the laser frequency, correlation peaks are periodically located along the FUT [32] ; the distance between adjacent peaks is set to be longer than the FUT length so that only one correlation peak exists in the FUT. Correlation peaks of any order can be located in the FUT by controlling the optical path-length difference between the pump and the reference paths. The correlation peak position can be scanned along the FUT by sweeping the frequency of the sinusoidal modulation; thus, a distributed BGS measurement can be performed.
In contrast, in S-BOCDR [21] , [22] , the laser output is injected directly into the FUT, and the reflected light (consisting not only of the Brillouin-Stokes light, but also of the reference light that is Fresnel reflected at one of the FUT ends) is detected. Two configurations of S-BOCDR have been developed so far; one (S-BOCDR-1) uses the light Fresnel-reflected at the open end of the FUT [21] , while the other (S-BOCDR-2) uses the light Fresnel-reflected at the partial reflection point artificially induced near an optical circulator [22] . When the laser frequency is subject to sinusoidal modulation, correlation peaks are generated along the FUT. As the 0th correlation peak is fixed at a zero-optical-path-difference point, i.e., at the FUT open end (S-BOCDR-1) or at the partial reflection point (S-BOCDR-2), its influence needs to be suppressed, for example, by applying some artificial loss near the open end (S-BOCDR-1) or by replacing the nearby fibers with fibers that have different BFS values (S-BOCDR-2). The measurement range in both S-BOCDR schemes is limited to one-half of the FUT length: distal from the open end (S-BOCDR-1) or proximal from the open end (S-BOCDR-2), the latter of which is more convenient for practical applications. When the FUT has a breakage point, the measurement becomes non-feasible in S-BOCDR-1, although the measurement can be continued at least to that breakage point. Thus, broadly speaking, S-BOCDR-2 is superior in performance to S-BOCDR-1, from a practical viewpoint.
However, S-BOCDR-2 suffers from two problems. One is that the Stokes light is not stably returned from the FUT through the partial reflection point, leading to a low measurement stability. For instance, in our previous experiment [22] , an air gap was used to induce partial reflection, which was susceptible to external disturbance. The other problem is that we need to prepare optical fibers with sufficiently different BFS values and insert them around the partial reflection point to suppress the influence of the 0th correlation peak. Silica multi-mode fibers with BFS values of $10.5 GHz were inserted in our previous experiment [22] , though this necessity is undesirable.
Here, we show that these two problems of S-BOCDR-2 can be mitigated by implementing it using a POF as an FUT. Then, a partial reflection point can be automatically created at the buttcoupled interface between the POF and the silica SMF (the pigtail of an optical circulator) [23] , at which Fresnel-reflected light with a reflectivity of 0.2% (calculated using n ¼ 1:46 in a silica SMF and 1.35 in a PFGI-POF) is obtained; the Stokes light can stably pass through the interface. The key to the solution of the second problem is the BFS hopping phenomenon [29] , in which the BFS in the POF (BFS: $2.8 GHz) can be irreversibly upshifted by $300 MHz only by applying a large strain of > 7.3%. Unless cryogenic sensing is the intended application, the BFS "upshift" is preferable because the BFS in a POF decreases with increasing applied strain [24] and temperature [24] , [25] ). Thus, instead of inserting different fibers around the buttcoupled part, we have only to pull the POF for a length sufficiently longer than half of the spatial resolution (i.e., the width of the 0th correlation peak). Note that, as the BGS of the silica SMF (BFS: $10.8 GHz) near the butt-coupled part does not overlap with that of the POF, it requires no modification.
Experimental Setup and Results
An S-BOCDR-2 setup using a POF as an FUT is schematically shown in Fig. 1 . The pump light at 1.55 m was amplified up to $30 dBm using an erbium-doped fiber amplifier (EDFA) and was injected into the POF by an optical circulator. The optical beat signal of the Brillouin Stokes light and the Fresnel-reflected light was converted into an electrical signal using a photo detector (PD) and was observed using an electrical spectrum analyzer (ESA) as a BGS. All the optical paths except the FUT were composed of silica SMFs. The laser output frequency was sinusoidally modulated by direct modulation of the driving current [10] , [19] .
As an FUT, we employed a 3.39-m-long PFGI-POF with 50 m core diameter, 70 m cladding diameter, and 490 m overcladding diameter. The core and cladding layers were composed of doped and undoped polyperfluorobutenylvinyl ether. The refractive index at the core center was 1.35, the numerical aperture was 0.185, and the propagation loss at 1.55 m was $250 dB/km. The detailed FUT structure is shown in Fig. 2 . One end of the FUT was buttcoupled to a 1.05-m-long silica SMF (the pigtail of a circulator), and the other end was left open and cut with an angle to suppress the Fresnel reflection at that end. In order to suppress the influence of the 0th correlation peak generated at the butt-couple, a 0.32-m-long nearby section of the FUT was elongated and then released, resulting in a length of 0.51 m (corresponding to 59% strain). Consequently, the whole length of the FUT became 3.58 m, leading to a measurement range of 1.79 m. In this experiment, to clearly show the distributed measurability, we swept the modulation frequency f m from 31. C), as shown in Fig. 2 . The sampling rate at a single sensing point was 3.3 Hz (limited by the data acquisition from the ESA). There were 89 sensing points, and the measurement lasted for $27 s. The operating temperature was maintained at 24 C. First, the BGS over the whole length of the FUT was measured (see Fig. 3 ). The frequency of the laser output was fixed. The vertical axis was normalized so that the maximal power of the BGS was 1. The peak at $2.79 GHz corresponds to the BGS in the unstrained POF section [23] , whereas the peak at $3.11 GHz corresponds to the BGS in the strained (BFS-shifted) POF section [29] . Thus, the BFS in the POF section around the butt-couple was verified to be upshifted.
Subsequently, the BGS distribution was measured when the FUT was locally ðl ¼ 0:46 À 0:92 mÞ heated to 60 C, as shown in Fig. 4(a) , and the measured BGSs at l ¼ 1:15 m (room temperature) and at l ¼ 0:59 m (heated) are shown in Fig. 4(b) . The vertical axes were normalized so that the maximal powers of all the BGSs were 1, because even the highest Stokes power of À84.68 dBm was extremely close to the noise floor level of À84.78 dBm. A BFS downshift was clearly observed at the heated section. The BFS distributions measured at different Fig. 5 , where the 0.46-m-long heated section was successfully detected. As shown in the inset of Fig. 5 , the BFS decreased with increasing temperature, with a proportionality constant of À3.2 MHz/K (calculated using the BFS values at the midpoint of the heated section), which agrees well with a previously reported value [25] . The BFS fluctuations along the non-heated sections showed a standard deviation of approximately 
Conclusion
Two problems in the second configuration of S-BOCDRVinstability of the Stokes light and necessity of a cumbersome method for suppressing the 0th correlation peakVwere shown to be mitigated by employing a POF as an FUT. In POF-based S-BOCDR, the beat signal of the Stokes light and the Fresnel-reflected light generated at the POF/SMF interface can be stabilized, and the influence of the 0th correlation peak can be easily suppressed by using the BFS hopping phenomenon. In a pilot distributed measurement, a 0.46-m-long heated POF section was successfully detected. We anticipate that, owing to its extreme simplicity, POF-based S-BOCDR will be one of the promising techniques in implementing distributed strain/ temperature Brillouin sensors in the near future.
